Introduction {#s1}
============

We rapidly process internal and external feedback signals in order to optimally interact with our environment. Neural signatures of error or negative feedback processing (e.g., event-related potentials, fMRI activation) are often accompanied by changes of behavior (Debener et al., [@B8]; Eichele et al., [@B11]; Mueller et al., [@B28]): the commission of an error in a speeded reaction time task can lead to subsequent slowing of reaction times; the presentation of negative feedback following a particular decision can alter decision-making in the future. The adaptiveness of such behavioral changes with regard to task performance is still under investigation (Notebaert et al., [@B31]). Negative feedback in real life (e.g., a loose stone when climbing a rock) may often indicate a sudden need for intensive and effortful compensatory actions (quickly grasping another stone), associated with a sudden requirement for energy. Consistently, it has also been demonstrated that error and feedback signals trigger reactions in the periphery such as changes in heart rate (Crone et al., [@B7]; Hajcak et al., [@B17]; Wessel et al., [@B47]). Because these peripheral reactions are sensitive to feedback valence, even in the case of abstract feedback stimuli, which can hardly be adequately represented at the subcortical level, it is likely that cortical structures are involved in the modulation of cardiac responses at some point.

Consistent with this proposal Mueller et al. ([@B29]) recently demonstrated a robust covariation between cortical (e.g., EEG) and subsequent cardiac chronotropic (i.e., heart period) modulations. Using a probabilistic gambling task (Sato et al., [@B36]), it was shown that a feedback stimulus indicating whether participants won or lost a small amount of money elicited among others (a) a large frontomedial amplitude which peaked at 300--400 ms and (b) a relative acceleration of heart rate which occurred around 3--4 s later. Most importantly, using a novel within-subject single-trial correlation method termed Cardio-Electroencephalographic Covariance Tracing (CECT) it was shown, that regardless of whether a win or loss was signaled, the frontomedial single-trial EEG-amplitude at 300--400 ms correlated with subsequent cardiac acceleration in the same trial. That is, a relatively larger positivity 300 ms after feedback presentation predicted relatively more cardiac acceleration 4 s later. Because this phenomenon is reflected in a negative within-subject correlation between EEG amplitude at 300 ms and subsequent heart interbeat interval (IBI) changes we termed it N300H. The N300H was robust across individuals in the initial study (Mueller et al., [@B29]) and was recently replicated in another sample (Panitz et al., [@B32]). In both studies, the N300H did not differ between positive and negative feedback valence. Using a low resolution localizing approach Panitz et al. ([@B32]) associated the N300H with increased insula current source density 300 ms after feedback presentation---an observation converging with the importance of the insular cortices for autonomic regulation (Gianaros et al., [@B14]).

The finding that feedback-locked EEG with a latency of 300 ms relates to heart period modulations converges with prior work on the P300 event-related potential component. It has long been speculated that P300 and evoked changes in autonomic activity are linked to each other, for example as different correlates of the orienting response which may function to facilitate information processing and/or action preparation (Graham and Clifton, [@B15]; Donchin, [@B9]; Donchin et al., [@B10]; Rushby et al., [@B35]; Polich, [@B34]; Nieuwenhuis et al., [@B30]). Both, P300 and evoked changes of heart period are modulated by motivational significance (Duncan-Johnson and Donchin, [@B10a]; Fowles et al., [@B12a]; Sato et al., [@B36]), which could vary across feedback presentations and thereby induce cortico-cardiac covariation as indicated by N300H. Finally, because one putative generator of the P300 is the insula (Linden, [@B24]), there appears to be structural overlap between sources linked to P300 and to N300H.

The neurotransmitter systems involved in this feedback-related cortico-cardiac connectivity phenomenon are currently unknown. Given the plethora of brain structures involved in feedback processing and the neurogenic modulation of peripheral responses to external stimuli (Benarroch, [@B2]; Ullsperger and von Cramon, [@B43]; Critchley et al., [@B6]; Wager et al., [@B46]) several transmitter systems including dopaminergic, noradrenergic, and serotoninergic processes may be of relevance. While dopamine may play an important role for modulating cortical and behavioral action monitoring processes (Holroyd and Coles, [@B18]; Ullsperger, [@B42]; Mueller et al., [@B28]), in the present paper we focus on the serotonergic system, which may be of particular relevance for transmitting cortically processed feedback information to the viscera.

*In vitro* studies have shown that several 5-HT receptor subtypes are expressed at vagal nuclei binding sites and at the nucleus tractus solitarius (Manaker and Verderame, [@B26]; Thor et al., [@B41]), which modulates heart rate indirectly (e.g., by its projections to the nucleus ambiguous). Moreover, it has been demonstrated in a variety of animal studies, that central 5-HT is involved in control of cardiac vagal output (Jordan, [@B19]). Because feedback-related alterations in heart period show a relatively short latency (e.g., 1--3 s; Crone et al., [@B7]; 3--4 s: Mueller et al., [@B29]), it can be assumed that quick vagal rather than slow sympathetic modulations (Berntson et al., [@B3]) underlie feedback-evoked cardiac responses. Therefore, by affecting cardiac vagal output, 5-HT may modulate the transmission of feedback-related information from the brain to the viscera.

In line with this assumption, van der Veen et al. ([@B44]) demonstrated, that a manipulation of the 5-HT system modulated peripheral (i.e., heart rate) but not central (i.e., EEG) responses to a negative feedback stimulus. Specifically, participants were tested at two sessions. In a double-blind cross-over design participants received either a drink that did or a drink that did not contain the important 5-HT precursor tryptophan, thereby presumably increasing or lowering central 5-HT synthesis and release (Bell et al., [@B1]). At both sessions, participants performed a time-estimation task (Miltner et al., [@B27]), in which performance feedback was given after each trial. The authors analyzed the feedback-related negativity as a cortical indicator for feedback processing and heart IBI for the subsequent heart beats as a cardiac marker for feedback reactivity. Following the drink that did contain tryptophan (TRP+), it was shown, that feedback induced an increase in FRN amplitude for negative vs. positive feedback and a (valence independent) decrease of heart period for the three following heartbeats. Following the drink that did not contain tryptophan (TRP−), negative feedback induced an increase in FRN amplitude that was comparable to the TRP+ session. However, the relative cardiac deceleration after negative feedback was significantly smaller after TRP− as compared to TRP+.

One explanation of these findings is, that a cortical feedback-related process, which is not captured by the FRN but associated with the cardiac response is attenuated by 5-HT. In addition, the findings by van der Veen et al. ([@B44]) could indicate, that 5-HT influences how cortically processed feedback-information is subsequently transmitted to the periphery. Under the assumption, that the N300H captures such cortico-cardiac transmission following feedback presentation (Mueller et al., [@B29]), it could thus be hypothesized that TRP−, by lowering central 5-HT, reduces feedback-related N300H values compared to TRP+. This hypothesis was tested in the present study by reanalyzing the data of van der Veen et al. with the CECT-approach.

Methods {#s2}
=======

Participants
------------

Data of 12 healthy male participants (mean age: 22.5 years; SD = 5 years) with complete EEG and ECG data for both sessions (TRP+ and TRP−) was available from the study previously published by van der Veen et al. ([@B44]).

Stimuli
-------

Participants performed a time estimation task based on a paradigm developed by Miltner et al. ([@B27]) and the details of the task can be found elsewhere (van der Veen et al., [@B44]). Participants had to estimate a 1 s interval starting at the onset of a visual cue by pushing a button and received feedback 1 s after the given response. An exclamation mark ("!") was presented if the estimation was correct, a "+" was presented when the estimation was too long and a "−" was presented when the estimation was too short. The feedback stimulus was presented for 1 s and was followed by a 2 s inter-trial interval. Percentage of positive and negative feedback was kept at about 50% by varying the interval in which the estimation was labeled as correct.

Procedure
---------

Participants were tested in a randomized double-blind cross-over design and details are described elsewhere (van der Veen et al., [@B44]). Participants were tested on 2 separate days. On 1 day (TRP−) they ingested the tryptophan depleted mixture which contained 200 ml of tap water plus 75 g of the amino-acids L-alanine, L-glycine, L-histidine, L-isoleucine, L-leucine, L-lysine, L-phenylalanine, L-proline, L-serine, L-threonine, L-tyrosine, L-valine, L-arginine, L-cysteine, and L-methionine. On the other day (TRP+) they ingested the balanced amino-acid mixture which contained the same ingredients plus 3.0 g tryptophan. Participants were tested 5 h after ingestion of the mixture. Of each participant, a blood sample was taken right before drinking the amino acid mixture and right before the psychophysiological assessment, i.e., about 5 h after drinking the amino-acid mixture. As described in van der Veen et al. ([@B44]), the raw plasma concentration of free tryptophan was determined from these samples.

EEG and ECG
-----------

As described in detail elsewhere (van der Veen et al., [@B44]), ECG was derived from pre-cordial leads and was sampled at 1000 Hz. R spikes were detected online with an accuracy of 1 ms, manually checked and corrected if necessary. The ECG was converted into a (stepwise) IBI-time course with a sampling rate of 500 Hz where the value at each sample reflects the distance between the preceding and succeeding r-spike in ms. EEG was recorded at sensors F3, Fz, F4, C3, Cz, C4, Pz, and at one ocular channel using a sampling rate of 500 Hz. Epochs with non-systematic artifacts in either EEG or IBI were manually removed while Independent Component Analysis was used to correct for ocular artifacts in the EEG.

CECTs
-----

To compute CECTs, the continuous EEG was first segmented into epochs from 0 to 500 ms relative to the feedback stimulus and baseline corrected for the preceding 500 ms. EEG epochs were then binned into 50 bins of 10 ms each (corresponding to a sampling rate of 100 Hz) and mean voltage magnitudes were determined for each bin. With this data, for each participant and each channel an EEG matrix for subsequent CECT analyses was constructed which consisted of about 200--240 rows (depending on the number of artifact-free trials) and 50 columns (corresponding to the 50 bins per epoch). In analogy to the EEG, the continuous IBI-trace was segmented into epochs from 0 to 2500 ms relative to the feedback stimulus and baseline corrected for the preceding 250 ms. IBI epochs were binned into 10 bins of 250 ms each (4 Hz) and mean IBI values were determined for each bin. For each participant an IBI matrix for CECT analyses was constructed that consisted of about 200--240 rows (trials) and 10 columns (bins). CECT matrices were computed for each participant and channel, separately by correlating each column of the corresponding EEG matrix with each column of the IBI matrix. Thus, for every CECT matrix 10 × 50 within-subject correlations were computed (correlations over trials). These were now structured in a 10 × 50 correlation matrix in which each row represents one particular IBI bin and each column represents one particular EEG bin. To illustrate the interpretation of CECT matrices, a correlation displayed in column 1, row 2, reflects how much the EEG magnitude from 0 to 10 ms (EEG bin 1) after a feedback stimulus correlates with the change in IBI from 250 to 500 ms after a feedback stimulus (IBI bin 2).

Grand average CECTs (as displayed in Figure [1](#F1){ref-type="fig"}) were computed by averaging the CECT matrices across participants (separately for each channel). To first test for an effect of acute tryptophan depletion (ATD) a mean CECT-value (averaged across all time bins) was compared between TRP+ and TRP− session using a paired-samples *t*-test. To then test whether an N300H component could be replicated in the present study, CECT-values were tested against zero (across participants, separately for each session) by conducting one-sample *t*-tests for each cell of the CECT-matrix at channel Cz (*p* \< 0.05, two-sided). With this analysis an N300H like component was evident in the TRP+ session, which extended from 150 to 300 ms in the EEG time domain and from 250 to 1750 ms in the IBI time domain. To assess the between-subject correlation of N300H and tryptophan level we extracted individual peak CECT-values in this time window (see Figure [1](#F1){ref-type="fig"}). To test for effects of feedback valence, separate CECTs were computed for positive and negative feedback and mean CECT-values in the previously specified time-window were tested against zero and compared between feedback types.

![**Feedback-locked CECTs, IBI-traces and event-related potentials (ERP) at channel Cz following TRP+ (top) and TRP− (bottom).** Blue indicates negative and red positive within-subject correlations averaged across subjects (range from *r* = −0.1 to *r* = +0.1). The red box illustrates the time window, which was used for correlation analyses and for analyses of feedback valence.](fnhum-06-00077-g0001){#F1}

Results {#s3}
=======

The effect of ATD on plasma tryptophan level
--------------------------------------------

As expected and as previously reported for the entire sample, the oral intake of the tryptophan-deficient amino-acid mixture reduced the levels of free tryptophan concentrations in blood plasma from *M* = 53 (SD = 6) at *T*~0~ (i.e., before the drink was taken) to *M* = 17 (SD = 8) at *T*~5~ (i.e., 5 h after the drink was taken just before the task began) (*t*~(11)~ = 12.28, *p* \< 0.001). In contrast, the ingestion of the nutritionally balanced mixture at the TRP+ session yielded an increase of plasma tryptophan levels from *T*~0~ (M = 50; SD = 14) to *T*~5~ (*M* = 105; SD = 41) (*t*~(11)~ = 5.99, *p* \< 0.001).

Behavioral performance
----------------------

On average, participants had 112 correct responses, 40 under-estimations and 88 over-estimations of the 1 s epoch (the window was continuously adapted to provide about equal amounts of positive and negative feedback). There was no effect of ATD on the number of correct responses, under-estimations or over-estimations (*p*s \> 0.5).

Event-related potential and even-related cardiac response
---------------------------------------------------------

Feedback-evoked a P300-like deflection, which extended from 200 to 500 ms (peak at 360 ms, channel Cz) and a triphasic cardiac response (0--1000 ms: deceleration; 1000--2000 ms: acceleration; 2000--2500 ms: deceleration). ATD did not influence the P300 amplitude (*p* \> 0.5), but reduced the cardiac response to feedback for bins 3, 4, and 5 (i.e., 500--1250 ms; *p* \< 0.05). Effects of feedback-valence were not analyzed in the present report (see van der Veen et al., [@B44], for effects of feedback-valence).

Cardio-electroencephalographic covariance tracing
-------------------------------------------------

### Effects of session on the overall CECT

A paired samples *t*-test comparing mean CECT-values (whole CECT epoch from 0 to 500 ms in the EEG and 0 to 2500 ms in the IBI time domain) between TRP+ and TRP− session indicated a significant effect of session for the overall CECT (*t*~(11)~= 3.26, *p* \< 0.01).

### Replication of N300H

Because ATD affected the overall CECT, separate CECTs for each session were tested for N300H. As shown in Figures [1](#F1){ref-type="fig"} and [2](#F2){ref-type="fig"} CECT-analyses for the TRP+ session revealed an N300H-like component that was negative and significantly different from zero (*p* \< 0.05, two-sided, 19 adjacent time-bins). The peak average within-subject correlation within this cluster was at 280 ms in the EEG and at 1250--1500 ms in the IBI time domain (*t*~(11)~ = −3.6, *p* \< 0.005). There was also a slightly earlier portion of the EEG (150--180 ms) that showed a significant negative covariation with subsequent IBI values. It should be noted that the small sample size (and consequently limited statistical power) precluded application of a conservative Bonferroni-correction for 10 × 50 tests (resulting in α\' = 0.0001), which might be considered appropriate in the light of the limited a priori knowledge about the timing of N300H in the present task (Mueller et al., [@B29]). The statistical power of such Bonferroni-corrected *t*-tests is \< 0.09, which were (unsurprisingly) non-significant.

![**Significant *t*-values for feedback-locked CECTs at channel Cz following placebo (left) or acute tryptophan depletion (right).** *T*-values are thresholded with *p* \< 0.05 (two sided). Any non-significant *t*-values are plotted in green color.](fnhum-06-00077-g0002){#F2}

Of relevance, in the TRP− session an unexpected, temporally less specific *positive* association between feedback-evoked EEG and IBI values reached significance (*p*s \< 0.05). As shown in Figures [1](#F1){ref-type="fig"} and [2](#F2){ref-type="fig"}, a negative N300H like component could not be observed following ATD (all *p*s \> 0.05).

### Effects of feedback valence and ATD on N300H

Mean N300H values in the time window from 150 to 300 ms in the EEG time domain and from 250 to 1750 ms in the EEG time domain were significantly different from zero for positive (*t*~(11)~ = 2.23, *p* \< 0.05) and negative (*t*~(11)~ = 2.50, *p* \< 0.031) feedback in the TRP+ but not TRP− condition (*ps* \>0.09, two-sided). A TRP × Feedback-Valence ANOVA yielded a main effect for TRP (*F*~(1,\ 12)~ = 12.6, *p* \< 0.005), confirming the findings for the valence-independent CECTs reported above. There was also a trend for a TRP × Valence interaction *F*~(1,\ 12)~ = 3.5, *p* \< 0.09, indicating that N300H to negative feedback tended to be less affected by ATD than N300H to positive feedback. Consistent with Mueller et al. ([@B29]), there was no main effect of feedback valence on N300H.

### Correlations between plasma tryptophan level and N300H

In addition to these group effects, we examined the association between plasma tryptophan level and N300H aiming to probe whether interindividual variations of tryptophan level are also related to N300H. The tryptophan level was measured at two occasions (*T*~0~ and *T*~5~) on each day (TRP+ and TRP−). Overall, the *T*~0~ tryptophan level at the TRP+ day was correlated with the *T*~5~ tryptophan level at TRP+ day (*r* = 0.74, *p* \< 0.005, one-sided) and *T*~0~ tryptophan level at TRP− day (*r* = 0.54, *p* \< 0.05, one-sided), indicating that interindividual differences in the tryptophan level were reliably measured and relatively stable over time, although the average tryptophan level was elevated by the nutritionally balanced drink as reported above. Importantly, the tryptophan level at TRP+ day (averaged across *T*~0~ and *T*~5~) was significantly correlated with N300H at the TRP+ day (*r* = −0.68, *p* \< 0.05, Figure [3](#F3){ref-type="fig"}). Consistent with the experimental findings, the direction of these correlations indicates that a reduced level of plasma tryptophan predicted lower (i.e., less negative) N300H. As reported above at *T*~5~ of the TRP− day, plasma tryptophan levels were severely reduced. These reduced tryptophan levels were not significantly associated with the (attenuated) N300H in that session (*p* \> 0.4, Figure [3](#F3){ref-type="fig"}), possibly due to blunted between-subject variation after TRP− (SD = 8 μMol/l) vs. TRP+ (SD = 41 μMol/l). Together, these correlative findings indicate that baseline variations of plasma tryptophan levels are also related to N300H.

![**Relationship between plasma tryptophan level and cortico-cardiac connectivity as indicated by peak N300H amplitude under placebo and acute tryptohan depletion (ATD)**.](fnhum-06-00077-g0003){#F3}

Control analysis
----------------

To rule out the alternative explanation that ATD reduced cortico-cardiac within-subject correlations by affecting trial-to-trial variation of cardiac responses we tested whether there was a difference in the cross-trial variance of feedback-locked IBI (from 250 to 1750 ms) between TRP+ and TRP−. However, this was not the case (*p* \> 0.5).

Discussion {#s4}
==========

The goal of the present study was to test whether a manipulation of central 5-HT would influence cortico-cardiac connectivity evoked by feedback stimuli. Central 5-HT was manipulated through administration of drinks that either contained no tryptophan (TRP−), serving to deplete this precursor of 5-HT synthesis, or elevated tryptophan levels (TRP+) in two separate sessions (double-blind cross-over design). Five hours later, when plasma levels of tryptophan were reduced in the TRP− vs. TRP+ session, participants conducted a time estimation task in which feedback was given after each trial. To measure cortico-cardiac connectivity, CECT-analyses were conducted, in which feedback-evoked-changes in single-trial EEG magnitudes are systematically correlated with time-lagged feedback-evoked changes in heart period. Importantly, overall CECTs were significantly different between the TRP+ and TRP− session. In the TRP+ session, we replicated a previously reported phenomenon (N300H), indicating a significant coupling between centromedial EEG magnitude about 300 ms after feedback presentation and subsequent accelerations of heart rate (i.e., smaller IBIs). Of particular relevance, N300H was absent following TRP−, indicating that a pharmacological downregulation of 5-HT synthesis attenuated the negative covariation of feedback-evoked EEG and heart period changes or even induced a positive covariation (as indicated by the red spots in Figures [1](#F1){ref-type="fig"} and [2](#F2){ref-type="fig"}). Moreover, interindividual differences in plasma tryptophan levels at the TRP+ session were correlated with N300H values measured in the same session. Together these findings provide converging evidence that tryptophan plays a role in the covariation of cortical and cardiac feedback-related activity as indicated by N300H. One possible interpretation of these preliminary findings is that 5-HT is crucial for transmitting feedback-related information from the brain to the viscera.

As outlined in Figure [4](#F4){ref-type="fig"} cortico-cardiac coupling following feedback presumably involves several structures, which may communicate in parallel and bidirectionally. The cortical processing of feedback includes the anterior (mid−) cingulate cortex and the insulae (Ullsperger and von Cramon, [@B43]), two highly relevant regions for central autonomic control (Benarroch, [@B2]; Gianaros et al., [@B14]; Critchley, [@B5]). Via projections to key regions in midbrain and pons these feedback-relevant structures can indirectly modulate input to the nucleus tractus solitarus in the dorsal medulla and the nucleus ambiguous \[path (a) and (b)\], where cell bodies of the myelinated cardiac vagal preganglionic neurons \[path (c)\] are located (Benarroch, [@B2]; Jordan, [@B19]). Accordingly, feedback-related information can be transmitted relatively quickly from the prefrontral cortex (where stimulus valence of rather abstract stimuli can be assessed) to the heart (where modulations may prepare subsequent alterations of behavior).

![**Hypothetical pathway for abstract feedback stimuli to trigger vagally mediated cardiac reactions, (adapted from Jordan, [@B19]; Thayer and Lane, [@B39]).** After sensory processing feedback properties are analyzed in cortical structures including the anterior cingulate cortex (ACC), the insula and the amygdala. Relevant information is transmitted to the periaqueductal gray in the midbrain and to parabrachial region in the pons **(a)**. From there medullar regions including the nucleus tractus solitarius, the nucleus ambiguous (nA) and dorsal vagal nucleus (DVN) can be activated **(b)**. Myelinated cardiac preganglionic vagal neurons, which have a high density of 5-HT receptors, have their cell-bodies in the nA and modulate heart rate by projecting to the sinoatrial node **(c)**.](fnhum-06-00077-g0004){#F4}

In the present study CECTs indicated a covariation of feedback-evoked single-trial EEG at 300 ms and changes in IBI from 250 to 1750 ms in the TRP+ session (N300H). Because the EEG in the TRP+ session thus correlated with an earlier proportion of IBI than in the Mueller et al. ([@B29]) study (3000--4000 ms) and because a different paradigm was used in the two studies, it is possible that this cortico-cardiac covariation reflects a different phenomenon than N300H in the Mueller et al. ([@B29]) study. It could be hypothesized, that tasks with short intertrial intervals and/or tasks where feedback crucially depends on participants\' performance (like in the current study) trigger earlier neurogenic accelerations of heart period (as observed in the event-related cardiac responses of the current vs. Mueller et al., [@B29] study) and thus earlier cortico-cardiac correlation patterns. However, there are several similarities between the N300H in the current study and N300H in the Mueller et al study, such as latency in the EEG domain (300 ms), peak localization (centromedial electrodes) and polarity of the correlation (negative). Nevertheless, future studies are needed to clarify whether the effects of ATD reported here generalize to N300H evoked by other tasks.

CECTs provide a method to measure cortico-cardiac coupling with higher temporal precision than neuroimaging-based approaches. However, when interpreting the latencies of N300H in the present study, it should be considered, that IBI values only change with every heartbeat, and that an IBI value at a given time (e.g., at 250 ms) is determined by the latency of the subsequent heart beat (which may occur several 100 ms later). Thus, the temporal resolution in the IBI domain is somewhat blurred. Nevertheless, under the assumption that N300H is driven by the combined paths (a), (b), and (c), the present findings indicate that it took less than 1500 ms (i.e., 1750 ms minus 300 ms) for the feedback signal to be transmitted from the cortex to the heart (or alternatively, to be simultaneously transmitted from a third region to the cortex and the heart). Thus, the cortical response 300 ms after a given feedback stimulus predicts how much the heart accelerates about one to two beats later.

As outlined in the introduction the N300H and the P300 event-related potential show overlap with regard to latency and scalp topography. However, it should be emphasized that they are not the same phenomenon. The P300 reflects the *averaged* summed electrophysiological activity of several brain structures that become active around 300ms after stimulus presentation (Soltani and Knight, [@B38]). The scalp P300, therefore, reflects a mixture (Makeig et al., [@B25]; Polich, [@B34]), which has previously been linked to a variety of phenomena including autonomous reactions, stimulus probability, motivational significance, attention, and task performance (Duncan-Johnson and Donchin, [@B10a]; Isreal et al., [@B16]; Donchin et al., [@B10]; Li et al., [@B23]; Nieuwenhuis et al., [@B30]). In contrast, the N300H only reflects a highly specific portion of *variance* of EEG 300 ms after a feedback stimulus: that portion that is shared with variance of beat-to-beat intervals hundreds of ms later. Accordingly, N300H shows a distinct topography and latency (Mueller et al., [@B29]) and may be more differentially sensitive to manipulations of neurotransmitter systems than the overall P300 event-related potential.

In the present study, we were predominantly interested in the effect of 5-HT on cortico-cardiac connectivity in feedback processing. Following TRP− vs. TRP+, we found relatively lower N300H, which explains the previously reported finding in the same data, namely that ATD had no effect on cortical feedback-related signatures but attenuated the cardiac concomitants of feedback processing. These findings are consistent with a predominant role of 5-HT for path (c), which has been demonstrated in studies with cats and rats before (Jordan, [@B19]). However, given the widespread distribution of 5-HT in the human brain (Cools et al., [@B4]), future studies are necessary to further specify the particular path(s) that involves 5-HT for transmitting feedback-related information from the brain to the heart. Obviously, 5-HT may not be the only monoaminergic transmitter-system involved. Dopamine influences how errors (i.e., internal performance feedback) are processed at cortical sites such as the anterior (mid-) cingulate cortex and the effect of dopamine at these sites may be further modulated by 5-HT (Mueller et al., [@B28]). Moreover, widespread noradrenaline release triggered at the Locus Ceruleus following relevant stimuli such as feedback may lead to parallel modulations of P300-like amplitudes \[i.e., upward arrow (a)\] and visceral reactions \[downward arrow (b)\] and thereby induce or amplify a N300H like covariation of P300 and cardiac acceleration (Nieuwenhuis et al., [@B30]). As a consequence we suggest that the monoaminergic mechanisms underlying N300H are investigated in future studies by also using catecholaminergic challenge tests and/or molecular genetic assessments. In this regard, two particularly promising candidate genes are the widely studied COMT Val158Met polymorphism and a recently reported polymorphism in the promoter region of the norepinephrine transporter gene (Kim et al., [@B21]), both of which have previously been linked to P300 amplitude (Gallinat et al., [@B13]) and latency (Enge et al., [@B12]), respectively.

In the TRP+ session, the tryptophan level predicted the amplitude of N300H. Individuals with higher plasma tryptophan levels, possibly associated with higher levels of 5-HT, showed a stronger covariation of cortical and cardiac activity after feedback stimuli. Accordingly, individual differences in cortico-cardiac connectivity may be biologically linked to 5-HT. Interestingly, both, 5-HT and cortico-cardiac connectivity may be of high relevance for individual differences in trait anxiety. For example, the short allele of the 5-HT transporter polymorphism (5-HTTLPR) predicts high levels of extracellular 5-HT and is associated with elevated risk for high trait anxiety and negative emotionality (Lesch et al., [@B22]; Sen et al., [@B37]), particularly in individuals who were previously exposed to adverse life events (Karg et al., [@B20a]). Individuals who show stronger visceral reactions to cortically processed (feedback) information may also experience increased subjective anxiety more often, given that interoception of peripheral reactions (i.e., awareness of increased heart rate) may increase subjective anxiety (Paulus and Stein, [@B33]). Together, this raises the question, whether genetically driven differences in 5-HT activity may be linked to anxiety by modulating how potentially threatening information such as (negative) external feedback is transmitted from the brain to the viscera. Future studies examining serotoninergic polymorphisms, trait anxiety and N300H like phenomena using large samples will be needed to address this hypothesis, which emerges from the present findings. Because gender is known to influence serotoninergic neurotransmission (Jovanovic et al., [@B20]), negative emotionality and vagal reactivity (Thayer et al., [@B40]), such studies should either focus on one gender (as in the present study) or---if sample sizes are sufficiently large---explicitly include gender as an independent variable.

It is worth noting, that the effects of ATD on evoked cardiac response are significant for the initial deceleratory (0--1250 ms) but not for the acceleratory phase, while the N300H, which is also affected by ATD, suggests an association between EEG and heart period from 250 to 1750 ms. At the moment, detailed mechanistic explanations for this dissociation between evoked IBI and CECTs would be speculative. However, it should be noted, that cardiac responses are influenced by a variety of more or less opposing processes, which may occur in parallel. Accordingly, the observed cardiac response pattern (deceleration---acceleration---deceleration) may reflect the overall net effect of several (cortical and non-cortical) processes while the CECT only captures heart period fluctuations that covary with feedback-evoked cortical activity. The present N300H findings indicate that increased (positive) EEG around 300 ms covaries with a *relative* cardiac acceleration from 250 to 1750 ms after TRP+ and that this covariation is lower or even reversed after TRP−. At which latency and to which degree this relative cardiac acceleration contributes to the net evoked IBI is a different question, which should be addressed in future studies.

Consistent with the assumption of parallel partially opposing brain-heart processes there appeared to be a positive correlation between feedback-evoked EEG and IBI in the TRP− session. Unlike the N300H, this association did not show a precise temporal or spatial localization, although the largest correlation cluster at Cz appeared from 300 to 400 ms. One could speculate, that while earlier feedback-evoked centromedial brain activity (i.e., 200--300 ms) is linked to cardiac acceleration, for example to prepare the organism for subsequent actions, more widespread brain activity with a later onset is linked to cardiac deceleration, possibly associated with information intake. If 5-HT differently contributes to these cortico-cardiac processes the polarity of the net CECT could be modulated by ATD as in the present study. However, it should be emphasized that this cortico-cardiac covariation in the TRP− session was unexpected with regard to polarity, spatial, and temporal localization. The current interpretations thus remain speculative until this pattern is replicated in a larger independent sample.

Two limitations deserve attention. First of all, the present study investigated a relatively small sample. Thus, although an N300H-like phenomenon was detected after TRP+, this component was not significantly different from zero after rigorously controlling for *n* = 500 computed *t*-tests and applying a conservative significance level of α = 0.0001. To investigate the effect of TRP+ vs. TRP− however, the use of a cross-over design, allowed us to test substantially smaller samples than would be needed to achieve a comparable power with a between-subjects design. Moreover, the detected effects were relatively large and reached statistical significance at an uncorrected level (*p* \< 0.005) despite the small sample. However, future studies using experimental manipulations of 5-HT with larger samples and other methods (e.g., using selective 5-HT reuptake inhibitors or molecular genetics) in combination with the CECT approach could further strengthen the present findings. As a second limitation, CECTs that were computed separately for positive and negative feedback stimuli may not have had enough trials for reliable within subject correlations. Because single-trial EEG and single-trial IBI show high levels of noise and non-specific fluctuations, respectively, individual CECT-correlations are typically relatively small (*r* \< 0.2) and need a large number of trials to be reliable. Due to the small sample size and the relatively small number of feedback-specific trials, effects of feedback valence or interactions of feedback valence and ATD may not have had enough statistical power to reach significance in the present study. Although the lack of a main effect of feedback valence on N300H is consistent with Mueller et al. ([@B29]), interactions of feedback valence and 5-HT cannot be ruled out with the present findings. Particularly, the role of 5-HT in cortico-cardiac processing of negative feedback could be relevant in the abovementioned context of anxiety, which could be more closely investigated in future studies.

Despite these limitations, we showed for the first time, that the covariation of cortical and cardiac activity following external feedback presentation in humans is affected by plasma tryptophan availability, which determines the rate of central 5-HT synthesis. Our findings thereby provide indirect evidence that 5-HT is of relevance for the interaction between the brain and the heart following feedback presentation.
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